Unnatural amino acids (UAAs) with novel chemical and physical properties have been genetically encoded in living cells by using orthogonal tRNA-codon-synthetase sets.
1,2 Application of these UAAs for studying biological processes or for industrial and pharmaceutical use would strongly depend on their incorporation efficiencies. Although tens of miligrams of UAAcontaining proteins could be produced from 1 L of Escherichia coli culture, 2,3 the yield in yeast was only tens of micrograms.
4
One challenge is to express orthogonal bacterial tRNAs in yeast because yeast and bacteria differ significantly in tRNA transcription and processing. 5 We developed a new method to express different orthogonal bacterial tRNAs in yeast with high activity. In addition, mRNA stability of the target gene is a unique, unaddressed issue for UAA incorporation in yeast. The nonsense-mediated mRNA decay (NMD) pathway mediates the rapid degradation of mRNAs that contain premature stop codons in yeast, 6 whereas no such pathway exists in E. coli. When stop codons are used to encode UAAs, NMD could result in a shorter lifetime for the target mRNA and thus a lower protein yield in yeast. We generated an NMD-deficient yeast strain and show here that this strain indeed increases the UAA incorporation efficiency in comparison to the wild-type (wt) yeast. These new strategies enabled UAAs to be incorporated into proteins in yeast in high yields of tens of miligrams per liter.
E. coli tRNAs are transcribed by the sole RNA polymerase (Pol) through promoters upstream of the tRNA gene. However, the transcription of yeast tRNAs by Pol III depends principally on promoter elements within the tRNA known as the A-and B-box (Figure 1a) . 5 The A-and B-box identity elements are conserved among eukaryotic tRNAs but are lacking in many E. coli tRNAs. Creating the consensus A-and B-box sequences in E. coli tRNAs through mutation could cripple the tRNA.
7 In addition, all E. coli tRNA genes encode full tRNA sequences, whereas yeast tRNAs have the 3′-CCA trinucleotide enzymatically added after transcription.
5 Therefore, transplanting E. coli tRNA gene into the tRNA gene cassette in yeast does not generate functional tRNA. We reasoned that E. coli tRNAs could be efficiently expressed in yeast using the following strategy: A promoter containing the consensus A-and B-box sequences is placed upstream of the E. coli tRNA to drive transcription and is cleaved post-transcriptionally to yield the mature tRNA (Figure 1b) . Two Pol III transcribed yeast genes, SNR52 and RPR1, 8 share a promoter organization similar to the proposed one, consisting of a leader sequence in which the A-and B-boxes are internal to the primary transcript but are external to the mature RNA. We thus tested whether the SNR52 and RPR1 promoter could be exploited to express E. coli tRNAs in yeast.
The gene for E. coli tyrosyl amber suppressor tRNA (EctR-NA CUA Tyr ) lacking the 3′-CCA trinucleotide was placed after the candidate promoter and followed by the 3′-flanking sequence of the yeast tRNA SUP4. This tRNA gene cassette was coexpressed with the cognate E. coli tyrosyl-tRNA synthetase (TyrRS) in Saccharomyces cereVisiae ( Figure S1 ). An in vivo fluorescence assay was developed to test whether the expressed EctRNA CUA Tyr is functional for protein translation in yeast ( Figure  1c 
